Abstract: The rnartensitelaustenite start and finish conditions, the transformation lines in the stress-temperature plane, are determined in an Fe-Cr-Ni-Mn-Si polycrystalline shape memory alloy under the mechanical and/or thermal loads. The transformation lines are show to be almost linear with nearly the same slope. The martensitic transformation zone and the reverse transformation zone are apart to each other, and the latter is very wide; T A~ -TA, -180 K. Both the martensite start stress and the austenite start temperature are strongly dependent on the extent of prior transformations, the amount of preload and residual strain. The alloy performance is, therefore, fully contrary to the prediction of the thermodynamic theory and to the experimental result by Paskal and Monasevich in TiNi alloy. The effect of hold stress and temperature is measured to compare the transformation start condition with the yield condition in plasticity.
INTRODUCTION
The hysteretic behavior in the shape memory alloys during cyclic loading has intensively been investigated in different alloy systems [I-71 . The accumulation of the dislocations, therefore of the local stresses and strains were clearly observed during the process around the defects due to the repeated forward and backward sweep of the martensite/parent phase interfaces in the material [4, 7] . The change in form of the full hysteresis loop and its shift and convergence to a limit loop are the topics of interest [8, 9] .
The prior incomplete transformations has a strong effect on the form of the hysteresis loop, resulting in the stress-strain or strain-temperature subloops [lo-151 . The study on the subloops is important when designing the shape memory devices because they always work under the small allowable mechanical and/or thermal loads so that there come no serious p~oblems from the viewpoint of both the strength of alloys and the life of devices. Among others the martensitelaustenite transformation start condition is the fundamental data to be investigated because it directly governs the size and shape of the subsequent hysteresis loops.
Paskal and Monasevich [lo] have measured in a TiNi alloy that both the martensite and austenite start temperatures remain constant during the isostatic thennal loading, inelevant to the extent of prior transformation. Tobushi et al. [ l l ] also showed in a different TiNi alloy system that both the martensite and austenite start stresses are not influenced by the extent of prior transformation during the isothermal mechanical loading at the pseudoelastic temperature range. The case is, however, completely different from the alloy response of the Cu-Zn-A1 and Cu-Al-Mn alloys by Arnengual et ul.
[12], a Cu-Zn-A1 alloy by Wei and Yang [13] , an Fe-Mn-Si alloy by Robinson and McCormic [14] and an Fe-Mn-Si-Cr-Ni-Co alloy by Tan and Yang [15] . These data exhibit a clear dependence of the martensite/austenite start temperatures on the extent of prior transformations during the stress-free thermal loading.
According to the thermodynamic theory of materials in the process of martensitic transformation [16, 17] , both the martensite start condition and the austenite start condition coincide with a linear line connecting the rnartensite start stress and the austenite start stress in the case of isothermal mechanical loading and the martensite start temperature and the austenite start temperature in the case of isostatic thermal loading.
In this study the transformation condition is investigated in an Fe-9%Cr-5%Ni-14%Mn-6%Si polycrystalline shape memory alloy which is subjected to the thermomechanical loads. The martensite start stress in the stress-strain plane and the austenite start temperature in the strain-temperature plane are determined after the incomplete prior transformations. The cyclic effect on the subloops is not discussed here. The present results should, therefore, be understood to be the behavior in the alloys exhibiting a limit loop, after enough numbers of training cyclic loading.
FUNDAMENTAL ALLOY PERFORMANCE
The size of the specimen is 6 mrn in diameter and 20 mm in gauge length. The transformation start and finish lines in the stress-temperature plane shown in Fig.1 [18-201 are important for the present study. The martensitic transformation still continues during the isothermal mechanical loading after the start of the macroscopic plastic deformation and is not completed even at the instance of fracture. The reverse transformation zone whcrc thc reverse transformation progresses is very wider, Af -A, -180 K , compared to the case of TiNi alloys (See e.g. [6] ). A thermomechanical loading of the type illustrated schematically in Fig.2 is, therefore, the only case in this alloy to realize a successive martensitic and reverse transformations in the absence of macroscopic plastic deformation. The martensitic transformation progresses during the isothermal mechanical loading characterized by the hold temperature Th and the maximum stress a , , , , , while the reverse transformation undergoes during the subsequent isostatic thermal loading characterized by the hold stress oh and the maximum temperature Tmax .
In order to eliminate the effect of cyclic loading, each specimen is subject before the test to 30 cycles 
ISOTHERMAL MARTENSITE START STRESS
The material performance during the following thermomechanical loading is fist studied: omax = 300
MPa, Th = RT and ffh = 0 MPa with the different values of TmaX . When TmaX is lower than Af , the reverse transformation is incomplete during heating. The martensite start stress in the subsequent isothermal mechanical loading at Th = RT would, therefore, be different from its initial value, 175 MPa, meaning that the martensite start stress might be dependent on Tmax , or rather on the whole prior transformation history in the strict sense. The result is summarized in Fig.3 together with the thermomechanical hysteresis during the successive loading/unloading-heatinglcooling-reloading process. The martensite start stress determined as a 0.1 % proof stress decreases with the extent of prior reverse transformation, which is an opposite result to what is predicted by the thermodynamic theory [16, 17] predicting that o~~ increases monotonically with the extent of prior reverse transformation. The present result is also different from the observation in a TiNi alloy by Tobushi et al.
[ l l ] who showed that CJM~ was almost independent of the extent of prior reverse transformation.
One could establish from the present data a relation OMS = Po5 GAO) which directly connects OM, with the amount of austenite EAo observed in the specimen just at the beginning of cooling. For the moment, however, OM, as a function of T, , , or of the residual strain ER at the end of cooling process, OMS = POT (Tmax) Or OMS = PO, (ER) (2) is enough to perform a further analysis of subloops during the incomplete transformations. Figure 4 shows that the martensite start stress depends on the maximum stress omax in the isothermal loading process. The solid circles denote the yield stresses determined at RT with a single specimen in the reloading processes after mechanical loadinglunloading, while the thin curve represents the original stress-"plastic" strain curve during simple monotone loading at RT. The difference of these two curves stems simply from the definition of the yield stress as in conventional plasticity. The iso-oma, curves finally approach to the yield stress curve, the dotted curve, with the larger ER . The point on the yield stress curve means, therefore, the elastic unloadingfloading without transformation.
The conclusion seems to be as folIows: 
ISOSTATIC AUSTENITE START TEMPERATURE
When the alloy specimen is subjected to the thermomechanical loads; Th = RT, o h = 0 MPa and Tma, .e solid circles show the austenite start temperature determined with a single specimen during a successive heatinglcooling under o h = 0 MPa after an isothermal mechanical loadinglunloading; omax = 300 MPa, Th = RT. The conclusion is that the austenite start temperature can be well specified both by the extent of prior martensitic and reverse transformations as T A~ = ~T E (ER Tmax) -(4) A short comment on the austenite finish temperature TAf [20] : When the austenite finish temperature is measured, during the tests leading to Fig.6 , for each strain-temperature curve in the isostatic heating, it, contrary to the case of the austenite start temperature, depends solely on omax and increases with the extent of prior martensitic transformation.
EFFECT OF HOLD STRESS AND TEMPERATURE
The effect of the hold stress on the result in Fig.6 is illustrated in Fig.7 From the isothermal stress-strain curves determined at the several hold temperatures Th , the iso-transformation strain ERO lines can be constructed as given in Fig.8 . The iso-eRO lines, which correspond to the initial and subsequent yield surfaces in plasticity, are linear but not parallel. The specimens loaded isothermally up to the ERO = 0.01 line at several hold temperatures Th exhibits the different values of the martensite start stress in the subsequent heating-cooling-reloading process. The result is illustrated in Fig.9 showing a clear effect of the hold temperature Th . The figure is replotted in Fig.10 by employing ER as a parameter. The ~S O -E~ lines, corresponding to the subsequent yield surfaces during reloading, are again linear lines in the stress-temperature plane, but not parallel. The way of shifting of the "subsequent transformation line" is not simple especially at the start of the transformation. When the transformation progresses the transfonnation line coincides with the initial line as indicated at each temperature by the end point of the arrow.
Residual strain ER
Hold temperature Th , Fig.7 Effect of hold stress on austenite start temperature. 
A REMARK ON TRANSFORMATION START LINES
Thermodynamics of martensitic transfonnation [21-231 tells us that the transformation starts at a material point when a thermomechanical condition A G(u, T) = -Go , (5) holds at the point for the driving force AG(a, T), which is composed of the chemical part and the mechanical part, where u and T stand for the stress tensor and the temperature measured at just the point, and Go > 0 the threshold value. The decomposition of the local stress tensor u into the applied stress and the internal stress term which is induced due both to the biah of the martensite phase in the parent phase and to the interaction of the martensite plates is a theme to be intensively investigated in micromechanics [24] .
The condition can be understood to represent a transformation start plane in the (3 -T space, which can be reduced to the transfonnation start lines discussed in the present study.
